The present study demonstrates the creation of a stable, superhydrophobic surface using the nanoscale roughness inherent in a vertically aligned carbon nanotube forest together with a thin, conformal hydrophobic poly(tetrafluoroethylene) (PTFE) coating on the surface of the nanotubes. Superhydrophobicity is achieved down to the microscopic level where essentially spherical, micrometer-sized water droplets can be suspended on top of the nanotube forest.
Since their discovery in 1991, 1 carbon nanotubes continue to be a subject of unabated scientific research and development. Their extraordinary properties 2-4 make them highly attractive as technology enablers in a host of different applications, ranging from fillers in polymer nanocomposites to conductors in molecular electronics. 5 Carbon nanotubes can be single-walled (SWNTs) or multiwalled (MWNTs), metallic or semiconducting, and isolated or attached to a substrate. The ability to grow nanotubes directly on a substrate using various chemical vapor deposition techniques allows the production of high purity nanotubes in a controlled manner. Added to this, the ability to functionalize the surface of individual nanotubes can create synergistic effects in nanotube properties. Here we report the creation of a superhydrophobic surface via functionalization of vertically aligned carbon nanotubes with a nonwetting poly(tetrafluoroethylene) (PTFE) coating. Vapor condensation experiments inside an environmental scanning electron microscope (ESEM) confirmed that the superhydrophobic effect is observable even for microscopic water droplets. We further demonstrate that this superhydrophobicity on a functionalized forest can be achieved with relatively short nanotube heights.
Such superhydrophobicity can be understood by observing nature. In certain plant leaves, such as the lotus leaf (Nelumbo nucifera), rain droplets are known to roll or bounce off these leaves, removing dust particles and surface contaminants. This self-cleaning or Lotus effect 6,7 is caused by both the hierarchical roughness of the leaf surface from micrometersized papillae having nanometer-sized branch like protrusions and the intrinsic material hydrophobicity of a surface layer of epicuticular wax covering these papillae. 8 A very rough, heterogeneous surface allows air to be trapped more easily underneath the water droplet so the droplet essentially rests on a layer of air. A significantly higher surface area compared to the projected area in the case of a rough surface requires a greater energy barrier to create a liquid-solid interface. Coupled to this, when the surface energy of the surface material is intrinsically low, the combined effect is that the surface will repel any water that comes into contact with it. 9, 10 Likewise, our PTFE-coated carbon nanotube forests aim to mimic nature's design. By growing a forest of nanotube pillars, an organized, heterogeneous surface is synthesized on a nanoscale. This makes it easy even for extremely small water droplets to be suspended on a surface approaching that of a perfect air-water interface (contact angle of 180°). 11 By coating this forest template with a PTFE layer, the water comes into contact with a material having one of the lowest surface energies (18 mN/m) and thus a high contact angle (108°on a smooth PTFE surface). 12 By combining these two elements, the PTFE-coated nanotube forest can prevent water penetration down to the microscopic level, creating an enhanced superhydrophobic effect. Such modified carbon nanotubes may potentially be used in microfluidic devices, antisoiling or antifouling surfaces, efficient heat transfer areas, or nonbinding biopassive surfaces.
We deposited the vertically aligned carbon nanotube forest with a plasma enhanced chemical vapor deposition (PECVD) technique. [13] [14] [15] Although a variety of different methods are also currently available, the PECVD process is the only technique that produces perfectly aligned, untangled (i.e., individually standing) carbon nanotubes whose height and diameter can be conveniently controlled. The PECVD process can be summarized in two main steps. First, the formation of nickel (Ni) catalyst islands on an oxidized (20 nm) silicon substrate through the sintering of a thin (5 nm) Ni film at 650°C. Second, nanotube growth from these discrete catalyst islands in a DC plasma discharge (bias -600 V) of acetylene and ammonia, using flow rates of 75 and 200 sccm, respectively, at a partial pressure of 4 Torr. The PECVD process enables the growth of nanotubes aligned in the vertical direction. The nanotube diameter and areal density are controlled by the initial thickness of the Ni catalyst layer, with a thinner film leading to narrower nanotubes of higher density. The nanotube height is controlled by the plasma deposition time (typical nanotube growth rate is 330 nm/min). Figure 1a illustrates a typical nanotube forest grown through this process as viewed under scanning electron microscopy (SEM) using a Hitachi S800-FE SEM operating at 20 kV. The sample has an areal density of 10 MWNTs per µm 2 , with the vertical MWNTs having a mean diameter of 50 nm (as-grown) and a height of 2 µm.
An array of such relatively short nanotubes is not sufficiently hydrophobic on its own; on the contrary, water droplets deposited on the surface immediately penetrate into the forest. This is presumably due to the high surface energy of the nanotubes, essentially a graphite material (contact angle of 84-86°1 6, 17 ), that causes the water to seep into the voids of the forest. Further, microscopic examination of such samples after drying reveals that the nanotubes are forced into bundles under the surface tension effects of the evaporating water between the nanotubes, confirming our hypothesis. Our observation may appear contradictory with experiments on tall carbon nanotubes grown off a substrate where superhydrophobicity has been observed. 18, 19 Thus, we investigated taller (10-15 µm) nanotube forests, and these surfaces in the as-grown state did give an initial water contact angle of 161°. However, the droplets are not stable and eventually seep into the forest voids after a few minutes. The apparent superhydrophobicity of the taller nanotubes most likely results from secondary roughness, as there is a larger variation in height of the taller nanotubes which was observed through electron microscopy. The eventual penetration of the water droplets is due to the high surface energy of the nanotube's graphitic surface. This suggests that PTFE functionalization is a necessary step for making a stable superhydrophobic surface.
The PTFE coating is applied onto the forest of carbon nanotubes through a hot filament chemical vapor deposition (HFCVD) process. 20, 21 The process coats along the height of carbon nanotubes with a sufficiently thin PTFE coating, unlike conventional methods in which greater minimum coating thicknesses (> 10 µm) can smooth out the surface texture. Using an array of stainless steel filaments resistively heated to 500°C, hexafluoropropylene oxide (HFPO) gas is thermally decomposed to form difluorocarbene (CF 2 ) radicals. These radicals polymerize into PTFE on the nanotube forest substrate that is kept at room temperature. An initiator, perfluorobutane-1-sulfonyl fluoride, is used to promote the polymerization process. Flow rates of HFPO and the initiator are maintained at 23 and 6 sccm, respectively, and pressure is kept at 0.5 Torr. Figure 1b shows an SEM micrograph of the 2 µm tall nanotube forest after being coated with PTFE. Each individual pillar is seen to be coated uniformly and the forest structure is preserved. Unlike the as-grown forests, the treated forests show stable superhydrophobicity, yielding nearly spherical water droplets on a macroscopic level when water is deposited on the surface, as shown in Figure 1c . The advancing and receding contact angles of the treated forest shown here are 170°and 160°, respectively. Contact angle measurements are performed using the sessile drop method; the water droplets are introduced using a microsyringe and images are captured to measure the angle of the liquid-solid interface.
Fourier transform infrared spectroscopy (FTIR) confirms that our PTFE coating is essentially identical to bulk PTFE, see Figure 2 . FTIR spectra are acquired using a Thermo Nicolet NEXUS 870 equipped with a DTGS detector at 4 cm -1 resolution. The spectrum of the as-grown carbon nanotube forest shows no distinctive FTIR peaks. The spectrum of the PTFE-coated forest in contrast shows strong absorptions of the symmetric and asymmetric CF 2 stretches in the 1250-1150 cm -1 region characteristic of bulk PTFE. 22, 23 Other methods, such as PECVD or laser ablation, may yield thin fluorocarbon coatings that can also cover the entire length of the nanotubes, but these coatings, unlike HFCVD, suffer from poor compositional resemblance to bulk PTFE.
Aside from static experiments, we were interested in the dynamic behavior of water on the PTFE-treated carbon nanotube forest. On a macroscopic level, we compared the behavior of a water droplet free falling on the untreated and the PTFE-treated forest. This is captured using a Photo-Sonics Phantom V5.0 high-speed camera at a 1000 Hz frame rate and selected time sequence of images are presented in Figure 3 (video clips can be viewed from ref 24). Figure 3a shows the behavior of a droplet falling on the as-grown nanotube forest during its first impact. The droplet advances with a contact angle greater than 90°(panels 2 and 3) but recedes with an angle less than 90°(panels 4 and 5), and eventually comes to rest by wetting the surface (panel 6). Figure 3b reveals a significantly different behavior on a PTFE-coated nanotube forest, showing the droplet advances (panels 2 and 3) and recedes (panel 4) with an angle greater than 90°. The surface is so superhydrophobic that the droplet, on receding, actually has sufficient momentum to leave the surface (panel 5). After several more bounces (not shown), the droplet eventually bounces off without ever coming to rest on the surface (panel 6). 25, 26 On a microscopic level, we used ESEM to observe the behavior of water condensing on our nanotube forest surface. By precisely controlling the water vapor pressure (5.5 Torr) and the temperature of the sample stage (3.4°C) in the Philips/FEI XL30 FEG ESEM chamber, we were able to image the formation of micrometer-sized water droplets at 30 kV, as seen in Figures 4a and 4b from a top-down and 15°tilt views, respectively. Figures 4c and 4d capture remarkably close-up views, both from top-down and at a 15°tilt, of water droplets (3-4 µm in diameter) that are essentially spherical and clearly suspended on top of the template of carbon nanotubes which are also visible, demonstrating that we have created a carbon nanotube forest that is superhydrophobic down to the micrometer dimension (video clip can be viewed from ref 24). Repeated cycles of condensation and evaporation did not have any effect on the structure of the PTFE-treated forests, and spherical water droplets can be condensed and evaporated reversibly. In contrast, as mentioned earlier, upon water or a wetting volatile liquid exposure, untreated forests are typically found to bundle together under surface tension forces during drying, see Figure 5 . Nanotubes bend to form clusters at the top while the roots remain attached to the underlying surface, and if the surface tension forces are strong enough, the nanotubes snap off. This further highlights the need for the PTFE treatment to ensure that liquid surface tension effects do not irreversibly and detrimentally alter the forest template structure.
Quantitatively, model surfaces with a controlled topography suggest a very simple relation (Cassie-Baxter equation 27 ) between the apparent contact angle θ* observed on a where the surface fraction φ s corresponds to the ratio of the surface of the top of the roughness in contact with the liquid with the apparent surface of the substrate. The value of θ relies on the Young's relation, cos θ ) (γ SVγ SL )/ γ LV , where the γ ij terms correspond to the solid-vapor, solidliquid, and liquid-vapor interfacial tensions, respectively. By analogy with porous wicking, eq 1 is expected to be valid for θ > 90°, independent of the height of the rough structure. To probe the validity of the equation in our case, the value of the surface fraction φ s can be estimated from the pillar geometry of the forest:
where r is the radius of the tubes and n the number of tubes per sample area. In the example illustrated in Figure 4 , the tubes have an average radius of 60 nm (coated) and a density of 10 nanotubes per µm 2 , which yields a value for φ s of 11% from eq 2. The advancing and receding contact angles of water on a smooth silicon wafer coated with PTFE are 150°a nd 110°, respectively. These higher values compared to conventional, smooth PTFE indicate some inherent rough texture in the PTFE made using the HFCVD process. 21 Using these values, the advancing and receding contact angles on the coated forest as predicted from eq 1 are therefore 170°a nd 158°, respectively. This is in good agreement with the experimentally measured values of 170°and 160°, respectively.
Finally, we evaluated the superhydrophobicity of a series of even shorter and narrower nanotube forests in dynamic mode, measuring the advancing and receding angles and hysteresis as a more sensitive way to assess wettability. Figure 6 shows the results for forests of nanotubes 50 nm in diameter (coated) with heights ranging from 0.2 to 1.1 µm, as well as for a plain substrate with the nickel catalyst but without any nanotube growth. We observe that the advancing angles are significantly higher for the forests than for the plain substrate, even at the shortest height, and reaches a value of 168°at the tallest. However, the receding angles are more sensitive to differences in nanotube height, with hysteresis (difference between the advancing and receding angles) becoming smaller as the height of the forest increases, the tallest forest showing a hysteresis of 8°. This decrease in hysteresis may be a result of a decrease in interaction of the water droplet with the base surface. There seems to be a strong attraction of the water to the base surface since a strong hysteresis is observed just for the plain substrate without nanotubes. The water seepage into the uncoated nanotube forest also supports this view. By coating the nanotube forests with PTFE, we are able to introduce superhydrophobicity to forests with much shorter heights (down to 0.2 µm) than is possible without the PTFE treatment. This superhydrophobicity is also more stable, showing no signs of water seepage even after prolonged periods of time.
We have successfully created superhydrophobic carbon nanotube forests by modifying the surface of vertically aligned nanotubes with a PTFE coating. From our results, it is apparent that both the surface roughness templated by the nanotube forest and the low surface energy imparted by the PTFE coating are necessary components to achieve a stable superhydrophobic surface. The ability to use our HFCVD process to modify the surfaces of nanotubes directly is certainly attractive. It is unclear at this point how the PTFE polymer chains are attached to the nanotube surface. There is evidence that carbene radicals are sufficiently reactive to add directly to the sp 2 -hybridized carbons, 28, 29 so it is conceivable that the difluorocarbene radicals may attach covalently to the nanotube surface and subsequently polymerize from these sites. Regardless, HFCVD on a broader scope may be an important way to functionalize the surfaces of carbon nanotubes. Besides PTFE, HFCVD is able to make other common polymers including organosilicones 30, 31 and fluorosilicones. 32, 33 These and other functionalities may be useful for dispersing and separating carbon nanotubes since carbon nanotubes are notorious for their insolubility and tendency to aggregate into bundles. HFCVD would be helpful in many applications, including fillers for nanocomposites and single strand conductors in molecular electronics, where a need for separability is highly desirable.
